The treatment of neurologic disorders and the restoration of lost function due to trauma by neuroprosthetic devices has been pursued for over 20 years. The methodology for fabricating miniature devices with sophisticated electronic functions to interface with nervous system tissue is available, having been well established by the integrated circuit industry. Unfortunately, the effectiveness of these devices is severely limited by the tissue reaction to the insertion and continuous presence of the implant, a foreign object. This study was designed to document the response of reactive astrocytes in the hope that this information will be useful in specifying new fabrication technologies and devices capable of prolonged functioning in the brain. Model probes fabricated from single crystal silicon wafers were implanted into the cerebral cortices of rats. The probes had a 1 ؋ 1-mm tab, for handling, and a 2-mm-long shaft with a trapezoidal cross-section (200-m base, 60m width at the top, and 130 m height). The tissue response was studied by light and scanning electron microscopy at postinsertion times ranging from 2 to 12 weeks. A continuous sheath of cells was found to surround the insertion site in all tissue studied and was well developed but loosely organized at 2 weeks. By 6 and 12 weeks, the sheath was highly compacted and continuous, isolating the probe from the brain. At 2 and 4 weeks, the sheath was disrupted when the probe was removed from the fixed tissue, indicating that cells attached more strongly to the surface of the probe than to the nearby tissue. The later times showed much less disruption. Scanning electron microscopy of the probes showed adherent cells or cell fragments at all time points. Thus, as the sheath became compact, the cells on the probe and the cells in the sheath had decreased adhesion to each other. Immunocytochemistry demonstrated that the sheath was labeled with antibodies to glial fibrillary acidic protein (GFAP), an indicator for reactive gliosis. The tissue surrounding the insertion site showed an increased number of GFAP-positive cells which tended to return to control levels as a function of time after probe insertion. It was concluded that reactive gliosis is an important part of the process forming the cellular sheath. Further, the continuous presence of the probe appears to result in a sustained response that produces and maintains a compact sheath, at least partially composed of reactive glia, which isolates the probe from the brain.
INTRODUCTION
The treatment of central nervous system trauma, disease, and age-related degeneration with miniature prosthetic devices has been a goal of a number of groups for nearly three decades (13, 18, 19, 30) . A number of devices that stimulate and record from relatively large nerve bundles are becoming a practical reality in the peripheral nervous system (6, 7, 16, 17, 26-28, 46, 47) . However, brain implants must be fabricated differently and must be much smaller. Brain prostheses have been developed to the point of clinical application, and millimeter-sized implants are being used for chronic stimulation of certain brain nuclei in humans to relieve the symptoms of Parkinson's disease (3, 8, 11) . These implants, while producing encouraging and even dramatic results, are nearly as large as the brain region into which they are implanted. Thus, there is considerable interest in developing smaller devices that result in less tissue damage and more focused stimulation and have the capability of prolonged use.
Nano-and microfabrication techniques are being used to develop implants that are capable of recording from and stimulating very small volumes of brain tissue. Such implants have been used to record singleunit events (9, 12, 13, 20, 21, 25) and should be capable of stimulating small groups of functionally related neurons and possibly even single neurons. The technology to fabricate such implants has been developed for the manufacture of solid-state electronic devices, and micromachined neural prostheses based on silicon technologies have been designed and fabricated at a very high level of sophistication (20-22, 25, 29-31, 45) . These probes can have cross-sections as small as 30 ϫ 15 µm and can be as long as 1 cm. They can have multiple recording and stimulating electrode pads and can even have on-board electronics for amplification and signal processing. Implants with multiple probes can even provide a three-dimensional array of electrode pads to independently record from or stimulate a large number sites within a fairly small volume of brain tissue (9, 21, 25, 33, 45) .
However, the use of these devices has been limited due to the inability to effectively and chronically interface them with the neurons of the brain. After a few weeks, the probe to tissue electrical resistance typically increases to levels that render the devices unusable, and conventional histology shows a compact cellular sheath surrounding the insertion site (14, 21, 40, 42) . It was also shown that the mean density of neurons was reduced only in the immediate vicinity of the probe. At distances Ͼ60 µm the density of neurons in the tissue returned to control values (14) . This indicates that there is minimal depletion of the neural population near the probe. The cellular sheath has also been observed in brain tissue as a result of inserting wire electrodes which are larger and fabricated from different materials (1, 2) . Polymer materials have also been used to coat the probes to make them more biocompatible, but a cellular sheath is still produced. The thickness of the cellular sheath was shown to vary depending on the surface material and whether or not a primer was used to improve adhesion between the polyimide and the silicon probes (42) . Implantation of araldite needles also produced a cellular sheath and under some conditions a connective tissue capsule was also formed (44) . The most important point from this literature with respect to the present study is that a compact cellular sheath forms under all conditions.
It is well known that the brain reacts to wounds by mounting a glial cell-mediated protective response (10, 15, 24, 41) . Thus, the central nervous system tissue reaction to implants is thought to be dominated by gliosis, i.e., the activation of astrocytes. It has been suggested, on the basis of standard histology, that the cellular sheath is composed of glial cells, but this is not a definitive result due to the highly unusual morphology of the cells in the sheath and the lack of results from specific labels. Our preliminary results have shown the presence of astrocytes in the sheath as indicated by increased levels of glial fibrillary acidic protein (GFAP) and the recruitment of microglia (4, 5) . In order to obtain a better understanding of the prosthetic probe-tissue interactions, we have designed and fabricated model silicon probes to study the timedependent responses of rat cerebral cortical tissue following probe insertion. The purpose of these experiments is to document changes in cortical astrocyte activation, morphology, and distribution following the insertion of our model probes. The probes are micromachined from single crystal silicon wafers and implanted into the cortex of young adult rats. For simplicity, our probes did not have any electrode pads or electronics, because the vast majority of the surface of active probes is the same material (SiO 2 ), with only a very small percentage being occupied by metal electrodes or any other materials. In other words, we are assuming that the tissue response is dominated by the silicon dioxide surface, the initial damage upon insertion, and possibly the continuous presence of the probe. The ultimate goal of our studies is to qualitatively and quantitatively understand the brain response to these types of probes so that future implants can be fabricated of materials that will minimize the tissue's response and optimize the tissue-implant interface.
METHODS
Probe fabrication and preparation. Probes were micromachined from single-crystal silicon wafers (380 µm thick and 3 in. in diameter) by photolithography and KOH etching. Figure 1 illustrates the fabrication procedure which is a standard methodology in silicon processing. These methods were developed by the integrated circuit industry and are well-established procedures. A large number of probes were fabricated into a single wafer as shown by the projection light micrograph ( Fig.  2A) . The probes had a 1 ϫ 1-mm tab with a break-away connector which attached them to the wafer for easy handling. The tab was used to hold probes during insertion, and the 2-mm-long shaft was implanted into the brain with the bottom of the tab resting on the brain's surface. Figure 2B image of the probe obtained by scanning electron microscopy (SEM). The cross-section of the shaft was a trapezoid (base 200 µm; top 60 µm; height 130 µm). The tip of the shaft was tapered to form a wedge with a single pointed end providing a sharp cutting surface for penetrating the pia and underlying brain tissue.
Probe insertion device. Probes were inserted into the brains of adult (100-125 g) Wistar rats using a custom fabricated inserter (Fig. 3 ) that permitted control of both insertion speed and depth of penetration. A pair of brass locking forceps held the micromachined silicon probes. The inserter's table and drive mechanism are mounted on a standard stereotaxic device. The probe's tab fits into a small slot milled into the tip of one side of the forceps. The top of the tab, opposite the shaft, registers the probe against the back surface of the slot aligning the shaft parallel to the forceps axis. The forceps clamps the probe which is removed from the wafer by a slight twist to break the connector on the side of the tab (Fig. 2) . The forceps is then clamped in the precision drive table (MM-3M-EX-1; Automation Devices, Inc.) which is driven by a precision lead screw connected to a motor through a 16:1 gearhead and an antibacklash coupling. An encoder is monitored by a microprocessor that controls the motor and receives operator input from the control pad. The device is capable of insertion speeds of 2 to 8 mm/s. An insertion speed of 2 mm/s was used for all insertions reported here.
Probe insertion and preparation of brain tissue for analysis. Probes were inserted into the right cerebral cortical hemisphere of adult rats near the motorsomatosensory border in the midstriatal region 2 mm distal from bregma. Animals were anesthetized by intraperitoneal injection of tribromoethanol (targeted dose 23 mg/100 g body w). When animals no longer responded to a tail pinch, they were placed in a stereotaxic holder on which the insertion device was also mounted, the head was swabbed with Betadyne, and an incision was made to expose the skull. A hole, with a diameter larger than the probe's tab, was drilled through the bone over the right hemisphere near the midline and the dura was pierced. The silicon probe was aligned above the brain. The probe tip was slowly advanced, while being observed through a dissecting microscope, until it just touched the surface of the brain. It was removed a preset distance previously entered in the control unit and then driven at the selected speed toward the brain a distance equal to the preset distance plus 2 mm (the length of the shaft). The forceps were released and withdrawn away from the brain surface leaving the probe in place. A piece of sterile dialysis tubing was glued over the hole in the skull with ''crazy glue,'' the skin was closed with wound clips, an identifying ear clip was made, and the animal was returned to its cage. The tubing ensured that the tab was not in contact with the skin. After recovery, animals were returned to the animal facility and observed on a regular basis.
At 2, 4, 6, and 12 weeks following probe insertion animals were again anesthetized and perfusion fixed with 4% paraformaldehyde in physiological saline. The skin on the skull was removed and the brain was dissected with the probe in place. In the few cases where the bone grew back enough to contact the tab or an infection was noted, animals were removed from the study. Brains were block-fixed for an additional 24 h in Brains were prepared for histology and immunohistochemistry by blocking to include both the region containing the probe and the contralateral side to act as a control. The probe was carefully withdrawn and stored for further analysis for cellular components and/or debris by light and scanning electron microscopy. The block of tissue was sectioned into 100-and 300-µm
3. An image of the insertion forceps mounted in the stereotaxic holder. The precision drive unit is at the top. The dc motor and gear head are below the ribbon cable, and the flexible coupling is below the gear head. The table moves on the precision shafts on each side of the drive unit. The mounting block for the forceps (AB) is attached to the table and the forceps (F) are mounted into the block. The ribbon cable connects to our home built microprocessor control unit.
tissue sections using a vibratome (Fig. 4) . The 300-µm sections were further processed for conventional histology by embedding and cutting into thin sections (5 µm) which were stained either with hematoxylin and eosin (H&E) to demonstrate histologic morphology or with Perl's Prussian blue reaction to demonstrate the presence of iron resulting from local hemorrhages (43) . Intact 100-µm-thick sections were used for immunohistochemistry and three-dimensional (3-D) image collection by confocal laser scanning microscopy (Bio-Rad MRC600 mounted on an Olympus IMT-2 inverted light microscope) using 4X 0.13 NA, 10X 0.40 NA, and 40X 1.0 NA objective lenses. These images provide a clear description of the 3-D cellular architecture near the insertion sites. Tissue slices were stained using an antibody against GFAP. Sections were prepared for immunohistochemistry by treatment with sodium borohydride, solubilized using HBHS containing 2% Triton X-100, incubated with 5% bovine serum albumin in HBHS containing 1% Triton X-100 to block nonspecific protein binding followed by rabbit anti-cow GFAP (1:100 dilution) and rhodamine-labeled anti-rabbit IgG, and mounted in glycerol saturated with n-propylgallate. The images were displayed as either maximum projections or as stereo pairs using the ANALYZE software from the Mayo Foundation (38, 39) . Stereo pairs were prepared only from data sets collected with the 40X objective. The stereo views provide a good sense of the 3-D structure and distribution of GFAPpositive cells and cell processes. When samples were treated identically, but with the omission of the GFAP primary antibody, no significant fluorescence signal was observed.
Preparation of probes. After removal from the brains, probes were evaluated for adherent cellular material by confocal light microscopy and by SEM. Staining with the fluorescent dye DiI (1, 1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine), 0.125 mg/ml solution, in Hepes-buffered Hanks' saline for 120 min contrasted any lipophilic material, and immunohistochemistry against GFAP demonstrated the presence of astrocyte components. Probes, stained or unstained, were air-dried, coated with gold/palladium in a plasma discharge device, and observed in an ETEC scanning electron microscope.
RESULTS
Two animals were removed from the study at autopsy. One showed bone regrowth that was so extensive it contacted the tab thereby fixing it to the skull, resulting in motion between the probe and the brain. The second was found to have an infection at the site of insertion. Two other animals were removed later as their tissue showed very extensive implant sites with damage extending along one direction for distances approaching 1 mm. This appeared to be due to motion of the shaft cutting through the tissue. These animals showed destruction of tissue including several small blood vessels as well as microhemorrhages. It was not possible to definitively determine whether this extensive damage was produced at insertion or by motion of the probe while it was in the living animal. More detailed description of these tissues is not included as these results appeared to be due to handling of the probes and the procedures used during insertion or to methods used to isolate the tab from the skull and wound closure. These factors do not influence the brains' reaction to the long-term presence of the probe and are beyond the scope of the present study. In addition, the complication rate has decreased with experience and refinement of surgical methods. The present study is, therefore, limited to tissues from animals in which the surgical and insertion procedures did not appear to produce any gross complications. Thus, there were six animals studied 2 weeks after insertion and three, four, and three animals, respectively, at 4, 6, and 12 weeks.
Sheath Production in Reaction to Implanted Probes:
Conventional Histology H&E sections were prepared from the 300-µm-thick sections cut at three points along the length of the shaft as indicated in Fig. 4 . These samples are difficult to process and were especially difficult to align such that the subsequent thin sections (ϳ5 µm) contained the implantation site oriented transversely to the long axis of the probe shaft. Of the 20 experimental animals, 11 were studied by thin-section histology, and all were in the 2, 4, and 6 weeks postinsertion time points. All the animals showed a well-developed sheath of cells completely surrounding the insertion site. The cells forming the sheath had hyperchromatic nuclei and formed a compact multilayered sheath extending around a lumen that was similar to the shape and size of the probe's shaft (Figs. 6A-6C). At 2 and 4 weeks, this lumen sometimes contained ribbons of cells that appeared to be torn from the inside wall of the sheath, indicating that the cells had attached to the probe surface and were dislodged when the probe was removed (Fig. 6A) . The lumens otherwise appeared clear except for 1 specimen whose lumen was larger than the shaft cross-section and was partially filled with an unidentified amorphous material with a hallow center the shape and size of the shaft. The sheath was compact and was usually formed from four to six layers of densely packed cells with small nuclei. At the 2-and 4-week time points (Figs. 6A and 6B), some areas of the sheath had as few as two cell layers. By 6 weeks, the sheath was well formed and compact (Fig. 6C) . Occasionally, the sheath appeared locally disrupted with tissue damage extending into the surrounding tissue (Fig.  6C) . From the H&E sections, it was not possible to determine whether this resulted from damage in situ or from specimen preparation.
The tissue showed rearrangement usually with few if any large nuclei for a distance of 50 to 100 µm from the lumenal or implant edge of the sheath. This distance tended to decrease with time, while the sheath also become more compact. The large nuclei were assumed to correspond to neurons, and their distribution beyond this distance did not appear to be altered. No necrotic nuclei were observed. The number of nuclei in the sheath varied substantially, but this appeared to correlate more with position along the shaft and probably with cortical anatomy than with time after implantation. No mitotic bodies were observed in the tissue, including within the sheath. The specimens, showing a well-delineated implant site and well-formed continuous sheath, did not show local hemorrhages as indicated by the presence of red blood cells (RBCs) in the H&E sections. However, some of the thin sections were stained for hemosiderin, using Perl's Prussian blue reaction, which is indicative of excess iron due to the local breakdown of RBCs. Most tissue sections, especially at 2 and 4 weeks postinsertion, showed a small amount of positive Prussian blue reaction even when the H&E sections did not reveal any hemorrhage (Figs.  6D-6F ). This indicated that there had been some hemorrhage probably at insertion of the probe. Hemosiderin-positive material was observed within the sheath and sometimes for a few hundred micrometers into the tissue. When the latter occurred it was always associated with tissue disruption as in Fig. 6F . This tends to indicate that the observed disruption did not occur during tissue processing, but was previous damage associated with the probe either at insertion or due to its continuous presence during the postinsertion period. The presence of this stain demonstrated that the products associated with microhemorrhages were still being resolved 6 weeks postinsertion.
GFAP Immunoreactivity
GFAP-positive cells are presumed to be astrocytes and were scattered throughout the control tissues. The most intense labeling in the controls was seen on processes surrounding blood vessels. The amount and distribution of label was consistent with accepted anatomic distributions of astrocytes. Other GFAP-positive cells were sparsely distributed throughout the tissue and exhibited the stellate morphology consistent with astrocytes (Fig. 7) . Preparation controls processed without primary antibody but with secondary antibody were negative for fluorescence.
There is marked GFAP labeling in the tissue near the insertion site, but little if any increase at distances greater than a few times the probe's cross-sectional dimensions. Figure 8 shows representative insertion sites for all time points. The GFAP labeling is most intense in the region corresponding to the sheath in Fig. 6 indicating that astrocytes are a major component of the sheath. An increased number of GFAP-positive cells were observed in the surrounding tissue as far as 500 to 600 µm from the implantation site. This increase in the surrounding tissue was greatest at 2 weeks and tended to decrease in terms of both the number of cells and the distance away from the insertion site as a function of postinsertion time. The intense label of the sheath also tended to become more compact and more intense with time, corresponding to similar structural changes observed in the H&E sections (Fig. 6) . At 2 and 4 weeks, astrocytes with typical stellate morphology were easily distinguished in the tissue surrounding the sheath (Figs. 8A and 8B) , and a large number of intertwined astrocytic processes projected toward the sheath with many being incorporated into it. Astrocytes were arranged around the perimeter of the insertion site forming the sheath with some processes extending for considerable distances along the perimeter (Figs. 8A and 8B). Although the sheath was becoming well formed, individual processes were clearly distinguished within it, while cell bodies were not easily visualized. The sheaths' inner surfaces appeared disorganized or even disrupted with processes partially filling the lumens, which at 2 and 4 weeks were smaller than the probes' cross-section, indicating that the sheath collapsed when the probe was removed from the tissue. At 6 and 12 weeks, the labeling close to the insertion site was very intense, forming a sheath so highly compact and continuous that few individual processes and no cell bodies could be distinguished within the structure (Figs. 8C and 8D) . The inner surface of the sheath was left largely intact when the probe was withdrawn from the fixed tissue, forming a lumen mimicking the shafts' cross-section and essentially free of any material. This indicates that at 6 and 12 weeks the sheath was a well-formed integrated structure which is internally stronger than the adhesion between cells on the probe surface and the cells forming the sheath.
Stereo pairs, in Fig. 8, show or using a stereo viewer) shows the astrocyte cell bodies and their processes projecting in all three dimensions toward and into the sheath. A denser region of processes corresponding to the sheath with some of the processes being arranged around the perimeter of the insertion site is clearly seen to be an intertwined 3-D structure. Processes partially fill the space previously occupied by the probe in a disordered manner. These processes may have been displaced when the probe was withdrawn suggesting strong astrocyte-probe interactions. A group of such processes projecting into the center right portion of the lumen appear to end abruptly as opposed to the normal tapering suggesting that they were broken at that point. At 6 and 12 weeks a continuous, highly compact multilayered sheath of astrocytes had developed completely surrounding the insertion site. The sheath is seen by stereo viewing to project through the thick tissue section with numerous processes extending into the sheath from the surrounding tissue. Much less disruption appears to have been caused by withdraw of the probe indicating that the sheath is well developed and that cell-to-cell attachment within the sheath is stronger than cell-probe interactions. The 3-D nature of the sheath is most easily seen in Fig. 9D .
Cells Strongly Attach to Probes after Insertion
The probes were studied by confocal light and scanning electron microscopy after removal from the fixed tissue. The confocal light microscopic results (not shown here) indicated the presence of cellular material. Probes were stained with the lipophilic cyanine dye DiIC 18 (3), which is lipophilic, and with anti-GFAP. The cyanine dye labeling indicates the presence of cell membranes while the GFAP labeling indicates the presence of astrocytes. By SEM most of the probes showed clear evidence of adhered cells in tightly associated monoand multilayers. However, the distribution of the cellular layers varied greatly. Some probes had thick multilayers of cells at the tip of the probes while other probe tips were free of any adhered material. Most probes had 50% or more of their surfaces covered with cells, but three probes had little adhered material. High-magnification images of these latter surfaces showed what appeared to be regions of very thin cytoplasm but no whole cells. Portions of the surfaces also appeared to be coated with a extremely thin smooth amorphous layer. The nature of the latter could not be determined. There was no correlation between the nature or amount of material coating the probes and the tissue reaction as observed by routine histology and GFAP immunoreactivity.
Low-magnification scanning electron micrographs show the shape of the probe, including the chisel tip, and the sides and top of the trapezoidal cross-section of the shaft (Figs. 10A and 10B) . The shaft emerges from the tab in the bottom of the image (see Fig. 2 for an image of a probe still attached to the silicon wafer). While about half of the shaft surface in Fig. 10A appears to be free of cells, there are large areas covered with single or multiple cell layers. The right side surface is partially covered with what appears to be a monolayer of cells starting about halfway down the shaft from the tip. A large area is seen about two-thirds of the way along the shaft from the tip where the monolayer becomes a multilayer covering the side of the shaft and extending over the top surface. The cells on the top surface appear to be multilayered, while the left surface is again covered by a monolayer. The insert is a higher magnification view of a portion of the upper right side surface which shows some attached RBCs. This was a 2-week postinsertion probe and was the only one that shows a significant number of attached RBCs. The tip of this probe was free of adhered material. Figure 10B is an SEM image from a 6-week postinsertion probe and is more heavily covered than the probe of Fig. 10A . Most of the covered areas in Fig. 10B were multilayers which were quite thick. The tip of this probe, shown at higher magnification in Fig. 10C , was covered with a thick multilayer of cells that completely covered all detailed structure of the probe. The cells are so closely associated that it is difficult to distinguish individual cells. The air-drying process also makes this difficult as it distorts the cell structure. Figure 10D is a higher magnification image of the center portion of the shaft showing a very thick multilayer of cells, especially on the left surface. The top surface is partially covered with cells; the lower edge of the cell multilayer, in the upper portion of the image, shows cells spreading out over the surface and sending out fine processes. Figure 10E shows how thinly the adhered cells spread on the surface of the probes. A cell whose thick body was on the top surface of the probe was observed to have spread onto the right side surface in a circular area, which was so thin that its top edge is difficult to distinguish from the probe's surface.
Conclusions
We have demonstrated that rats can be implanted with our model silicon probes with essentially 100% survival rates for animals that did not suffer gross insertion and/or surgical complications. After a recovery period of a few hours, animals exhibit normal behavior. The observed complications, that resulted in four animals being removed from the study, appear to be due to problems of insertion and/or incomplete isolation of the probe's tab from the skull bones. We will continue to improve the surgical and insertion procedures, but it is important to note that experiments presently being analyzed have a lower complication rate. Insertion of neuroprosthetic devices is a complicated and difficult problem that will be the subject of future studies. The insertion speed of 2 mm/s using our inserter or hand insertion both work well with our probes as they easily penetrate the pia and appear to go straight into the brain with little or no buckling. This may be due in part to the fairly large cross-section making the probes stiffer with less tendency to buckle compared to others with a smaller cross-section (14, 29, 30) . In any event, the use of a precision mechanical insertion device is an advantage as it allows control of the insertion speed and orientation of the probe's long axis with respect to the line of motion through the tissue. Even a small misalignment can cause a significant increase in tissue damage (14) . This is an effect that requires further study, but the construction of our precision inserter is a first step to improving the implantation process.
The general tissue response to the implantation of small silicon (14, 21, 40, 42, 44) or metal (2, 49) prostheses has been studied by traditional histology. These reports showed a sheath of cells that surrounded the implanted probes independent of the materials forming the probes or their surface coatings. Since a minimum volume of tissue was involved, electrical activity could be recorded, and no particular adverse effects resulted, these probes are often described as being biocompatible. This description is correct on a gross tissue level, but if it is to be related to communication with a smaller or specific population of neurons, the probes used to date, especially chronically, are in fact not biocompatible. Previous studies all describe the sheath as being a result of gliosis, but this determination was made on the basis of routine histology without the use of cell-specific labels. The major results of the present study were to show that the sheath was, at least partially, composed of reactive astrocytes and to demonstrate how the sheath was formed as a function of time. Most previous studies focused on fairly long time points as the implants were intended for chronic use in the brain. Thus, we chose 12 weeks as an end point with the shortest time being 2 weeks. We showed by conventional histology that as early as 2 weeks a continuous sheath of cells had formed around the probes and that the sheath was positive for GFAP as indicated by immunohistochemistry. Since GFAP is an indicator for reactive astrocytes, the sheath was at least partially formed by this cell type. The fact that the sheath formed so soon and so continuously around the probes' shaft could explain the results of electrical measurements showing that the probe to tissue resistance substantially increases after a relatively short postinsertion period. Thus, one major conclusion of the present study is that to better understand the initiation and formation of the sheath, the process must be studied at time points earlier than 2 weeks. In other studies (4, 5) , we have shown that microglia are also present in the sheath.
The structure of the sheath developed as a function of postinsertion time in the animal. By conventional histology, it appeared continuous and densely formed at all times, but increased in thickness and density as a function of time. The GFAP distributions showed a more varied structure. At the earlier time points (2 and 4 weeks), the GFAP sheath was loosely organized with numerous spaces between the cell processes, but at the later times (6 and 12 weeks) it was very compact, and it was impossible to distinguish individual cell processes. Even at 2 weeks the sheath presented a significant mechanical and electrical barrier, but by 6 weeks it appeared formidable. This may be a very important time sequence since the functionality of neuroprosthetic devices depends on their capability of forming electrical connections with neuronal dendrites and axons or at least have sufficiently good electrical connection to the surrounding tissue to record field and single-unit potentials. However, the regrowth of neuronal processes into the implantation site is slower than sheath formation. Thus, the sheath would appear to prevent regrowing neuronal processes from contacting the implant and to form a high resistance barrier between the probe and the brain. Pine and co-workers are developing neuroprosthetic devices which incorporate neurons as part of the device. The somas are trapped in recesses in the probe shaft and the neurites grow out into the tissue (35, 48) . If the neurite outgrowth does not occur before the sheath is well formed, the neurons will never be able to grow through the sheath and will never make contact with neurons in the brain.
The cellular response to the insertion and presence of the probe is indicated by a combined interpretation of the GFAP-labeled images and the SEM images. At the early time points the GFAP images indicated that the cellular structure was disturbed when the probe was removed as cell processes appeared broken and filled the space previously occupied by the probe at 2 and 4 weeks postinsertion, but the sheath appeared to be minimally disturbed at 6 and 12 weeks. Furthermore, SEM showed cells and/or cell fragments attached to all the probes, indicating that soon after insertion cells adhered strongly to the probes and to each other, but that at later times the cell-to-cell adhesion, between cells forming the sheath and those adhered to the probe, was weaker. Thus, by 6 weeks the probe was very well isolated from the surrounding brain tissue, and the cells on the probe were only weakly associated with the sheath. There was significant variability between probes with respect to adhered material. Most probes at all time points showed whole cells attached to the surface some of which were present in multilayers while others were single layers often with widely spread thin regions of cytoplasm. Three probes did not show whole cells, but did have what appeared by SEM to be portions of thinly spread cytoplasm and regions coated with an extremely thin layer of smooth amorphous material that was not cellular. There was no correlation between the nature of the adherent material or the degree of coverage on the probes to tissue reaction as observed by routine histology or GFAPpositive immunoreactivity.
The general tissue response to the implantation and continuous presence of the probe, as indicated by an increase in the density of GFAP-positive cells, was limited to a few hundred micrometers around the insertion site. The distance over which the GFAPpositive cell density was increased changed with time and returned to control levels a few tens of micrometers from the sheath by 12 weeks. These observations indicate that the tissue response may have two components: first, the initial reaction which is dominated by insertion injury and involves the larger tissue region; and second, the prolonged response which forms and maintains the compact sheath that is caused by the continuous presence of the probe. However, the volume of tissue responding to the probe was very small indicating that minimum damage resulted from the insertion and presence of the probe. The lack of microhemorrhages particularly as demonstrated by the lack of hemosiderin, a breakdown product of RBCs, was another indication of minimum tissue damage. A third tissue level response of note was that no increase in mitosis was observed at any time or at any location in the tissue including within and nearby the sheath. Thus, the cells forming the sheath appear to have migrated in from the nearby tissue and probably represent activated astrocytes corresponding to the increased number of GFAP-positive cells in the surrounding tissue.
It is clear that continued studies at shorter time periods are critical to our understanding of sheath formation. It is well established in the literature that astrocytes respond to stab wounds of the brain, but that the response decreases after 7 days as indicated by changes in GFAP levels (34) . Our results indicate that there is a continuous GFAP response as long as the probe is in place. Thus, there appears to be a continuous signal that maintains a chronic GFAP level and astrocyte response. It is also important to follow-up on our observation that microglia are also present in the sheath (4, 5) . It is obvious that neuroprosthetic devices can only be successful if we understand how the sheath is formed and can control conditions in the affected tissue volume to minimize, slow, or prevent sheath formation. Another point that is being followed-up is the shape of the probes. It has been reported that edges and sharp protrusions result in more extensive tissue damage (14) . A study comparing the probes used in this work with others having smaller cross-sections and smoother surfaces with rounded edges will be reported soon.
We have demonstrated the formation and maintenance of a robust cellular sheath surrounding our silicon probes. The sheath forms before neuronal processes can grow either to or away from, as in the case of neurons included as part of the implant, the probe. This is a major impediment to the practical application of this technology for restoration of brain function. Since the technology is potentially too powerful to be abandoned, it is imperative that a better understanding of the sheath's composition and formation be obtained. The present study clearly shows that part of that understanding must be gained at short times after insertion and that a better understanding of the molecular signaling and interaction with the immune response, especially microglia, is essential. If micro-and nanofabricated devices are to function chronically in the brain, sheath formation must be minimized by limiting the initial tissue damage and by slowing, limiting, or eliminating sheath formation. The former can be approached by improved insertion methods and by the use of probes with smaller cross-sections and smoother, more rounded contours. The latter requires fundamental knowledge of the signaling events that initiate the brain's initial reaction to tissue damage caused by implantation and its long-term response to the probe's presence. With this knowledge, intervention techniques based on surface biocompatibility and/or the application of pharmaceuticals can be designed. Without the use of this sophisticated technology one will most likely be limited to acute-field measurements and/or stimulation as opposed to long-term cellular level interaction required to replace lost function.
